In the United States, approximately 40,000 lives are lost as a result of traffic fatalities every year. When considering the first harmful event, culverts and ditches account for more than 10% of the total fatal ran-off-road crashes across the country, according to the 2002 AASHTO Roadside Design Guide (RDG) (AASHTO 2002) . The RDG also provides guidance regarding the adoption of safety measures used to reduce hazards created by roadside obstacles. The options, in order of preference, are to: (1) remove the obstacle; (2) redesign it; (3) relocate it; (4) reduce the impact severity by using appropriate devices; (5) shield the obstacle; and (6) delineate it. In accordance with these options, several research studies have been performed to investigate the viability of treatments for roadside culverts. The most commonly used safety alternatives have been: (1) relocating the culvert outside of the clear zone; (2) placing safety grates over the culvert; (3) shielding the culvert with guardrail; and (4) delineating the culvert with reflective object markers.
Problem Statement
In the United States, approximately 40,000 lives are lost as a result of traffic fatalities every year. When considering the first harmful event, culverts and ditches account for more than 10% of the total fatal ran-off-road crashes across the country, according to the 2002 AASHTO Roadside Design Guide (RDG) (AASHTO 2002) . The RDG also provides guidance regarding the adoption of safety measures used to reduce hazards created by roadside obstacles. The options, in order of preference, are to: (1) remove the obstacle; (2) redesign it; (3) relocate it; (4) reduce the impact severity by using appropriate devices; (5) shield the obstacle; and (6) delineate it. In accordance with these options, several research studies have been performed to investigate the viability of treatments for roadside culverts. The most commonly used safety alternatives have been: (1) relocating the culvert outside of the clear zone; (2) placing safety grates over the culvert; (3) shielding the culvert with guardrail; and (4) delineating the culvert with reflective object markers.
However, identifying the most appropriate safety treatment for roadside culverts has not been a simple task. Safety treatments do not always reduce the number of injuries and fatalities when compared to an untreated culvert. Unfortunately, relatively few studies have focused on developing guidelines for culvert treatments, and all of these studies are now outdated, such as the study conducted by Kohutek and Ross (1978) . Thus, there is a need to evaluate all of the culvert safety treatments to determine the most appropriate design for each combination of highway and traffic characteristics. A safety evaluation of culvert treatment options should include an incremental benefit-to-cost ratio analysis. To conduct such an analysis, both benefits and direct costs need to be determined. Benefits may be determined in terms of accident cost reduction, whereas direct costs include installation, repair, and/or maintenance costs.
Research Objective
The primary objective of this study was to develop accident costs for a wide range of highway and traffic characteristics. The treatment alternative with the lowest accident cost was then classified as the "safest" over the available safety treatments.
Even though there could be different criteria to determine the "safest" treatment option, such as number of fatalities or number of serious injury accidents, it is believed that accident costs would be more appropriate because it incorporates the effects of all types of crashes. Further, since the cost of a fatal crash is many times higher than the cost of a serious injury crash, this high ratio between the cost of injury and fatal crashes should ensure that the lowest accident cost alternative will also be the lowest fatality option. Hence, presenting the safest treatment option recommendation findings based on accident costs is believed to be the most appropriate methodology.
Background
According to the Fatality Accident Reporting System (FARS), two specific areas have been identified as the primary causes of fatal traffic accidents-roadside and intersection (FARS 2007) . According to the FARS reports, over 70% of all fatalities occur either within roadside areas or at intersections. More than half of these fatalities were involved with roadway departure crashes. The RDG indicates that culverts and ditches alone have been responsible for approximately 12% of all traffic fatalities. Also, Zegeer et al. (1988) showed that culverts significantly affect the severity of run-off-roadway accidents.
Over the years, three safety treatments have been applied to roadside culverts, including extending the culvert hazard outside the clear zone, providing guardrail protection in front of the culvert, and covering the culvert opening with grating. Culvert extension involves relocating the culvert so that it may be located farther away from the edge of the traveled way to reduce the risk of vehicles striking the culvert. Culverts are normally extended to the edge of the clear zone. Guardrail protection involves determining a proper location and length of the guardrail so that errant vehicles are contained and redirected. Grating consists of placing steel grates over the culvert opening to allow errant vehicles to safely traverse the culvert opening. Kohutek and Ross (1978) showed that, under certain circumstances, none of those safety treatments may be economically feasible. For some situations, guardrail installation was found to increase accident costs simply because the barrier is much longer and much closer to the roadway than a typical culvert and causes accident frequency to increase. Therefore, to minimize accident costs, the economic viability of safety treatments has to be verified. The economic viability of safety treatments may be checked by applying cost-effectiveness and/or benefit-to-cost ratio analyses methodologies to the proposed alternatives.
Several research studies have shown the efficacy of economical analyses on roadside safety improvement measures over the last four decades. Studies performed by Glennon (1974), Weaver et al. (1975) , Campbell and Humphrey (1988) , Zegeer et al. (1983) , and Edwards et al. (1969) are some of the past studies which have demonstrated the applicability and usefulness of economic analyses in the transportation context. Edwards et al. (1969) developed the first encroachment probability model. This model was based on the encroachment data developed by Hutchinson and Kennedy (1966) . In 1988, the Federal Highway Administration (FHWA) developed a model called the benefit-to-cost analysis program (BCAP) (FHWA 1988) . Owing to much subjectivity on the inputs for crash and severity indexes, the BCAP was not well-received. Subsequently, FHWA developed ROADSIDE in 1994, which was a simplification of BCAP (FHWA 1994) . Because several limitations were made, ROAD-SIDE did not result in a significant technical advancement of the benefit-to-cost ratio analysis procedures. Mak et al. (1998) developed a new cost-effectiveness procedure, known as the roadside safety analysis program (RSAP). RSAP has presented significant improvement in how encroachments and eventual crashes were assigned by adopting a stochastic solution method instead of a deterministic approach.
Roadside Safety Analysis Program
RSAP is an encroachment probability-based model that adopts a systematic approach composed of four modules. The encroachment module estimates average encroachment rate based on encroachment data developed by Cooper (1980) . The encroachment rate is then multiplied by traffic volume to find encroachment frequency. RSAP adopts adjustment factors to control for horizontal and vertical alignments. The crash prediction module uses the information generated by the encroachment module to estimate crash frequency given an encroachment rate. The third module is the severity prediction module that primarily estimates the severity of a crash predicted by the crash prediction module. When combined, these three modules contain analysis procedures that allow the user to determine how many crashes would occur and their respective severities. The fourth module, a benefit/cost analysis module, converts all information gathered from the previous modules (i.e., number and severity of crashes) into accident costs. This process is completed by assigning accident cost to each accident severity level. For more details about RSAP, the reader should see Mak and Sicking (2003) .
Parametric Study
A parametric study was undertaken to determine the sensitivity of accident costs to changes in input parameters. This process was intended to identify the highway and roadside characteristics that have the greatest impact on the benefits associated with the implementation of a culvert safety treatment. The roadway and roadside parameters found to be important to the estimation of accident costs would be candidates for inclusion in the final benefit estimation procedure, whereas parameters that proved to be less important would be omitted from the study.
The variables selected for inclusion in the parametric study are shown in Table 1 . After choosing the variables and selecting their values, a sensitivity analysis was conducted by running RSAP to analyze the impact of each variable on the change in accident cost. The importance of each parameter was then evaluated by changing it to its low, moderate, and high values, while values for all other parameters were held constant. By holding all other scenario characteristics constant, the variation in accident costs may be attributed to changes in the variable that has had its input values changed. Three values were assigned for each variable, with the exception of culvert type, for which five types were assigned.
The parametric study indicated that accident costs were found to go up whenever any of the following variables increased: slope steepness, average daily traffic, traffic growth rate, degree of horizontal curvature, culvert length, and culvert width. The opposite effect was observed for slope offset and culvert offset. In addition four variables, including number of lanes, lane width, culvert type, and slope depth were found to have a relatively limited effect on accident costs and were, therefore, eliminated from the remainder of the study.
Even though slope depth may be expected to significantly affect accident costs, it was eliminated because it was actually governed by changes in other variables such as slope steepness, culvert offset, and culvert width. Because the end of the culvert must be placed at the bottom of the slope, the total width of a slope should be equal to the sum of the culvert offset and width. Further, the depth of the slope equals its width divided by steepness. If the parametric study had been configured to isolate the effects of slope depth, this parameter would have been found to have an important effect on accident costs. Instead, the parametric study evaluated the importance of slope steepness and width.
Highway scenarios were then designed based on combinations of the seven variables that had a significant effect on accident cost. More details on the accident cost values generated from this sensitivity study may be found in the research report prepared by Albuquerque et al. (2009) .
Safety Treatments
Accident costs were predicted for a total of four safety treatment options. These options were: (1) leave the culvert unprotected, or do nothing; (2) extend the culvert outside of the clear zone; (3) shield the culvert with guardrail; and (4) place safety grates over the culvert. Note that there are some variations in the manner in which these safety treatment options could be implemented. To model these safety treatments using RSAP, procedures for implementing each alternative were adopted as described in subsequent sections.
Do-Nothing
The do-nothing option consisted of leaving the culvert opening untreated. Therefore, no changes to the original highway configuration were considered for the do-nothing option. The do-nothing option should only be considered when there is no benefit from adopting any other safety treatment. There is no direct cost associated with the do-nothing option.
Culvert Extension
Culvert extension was implemented while considering the clear zone concept. The clear zone may be defined as the unobstructed, relatively flat area on the roadside that is intended to provide errant drivers with the chance for recovery. The RDG recommends that clear zone width be selected based upon the design speed, average daily traffic, and sideslope steepness. According to the RDG, clear zone widths can be selected within a recommended range. In the present study, the average clear zone values were selected, that is, if the RDG recommends a clear zone range from 30 to 34 ft (9 to 10.2 m), the 32-ft (9.6-m) average value was selected for use in the current study.
To design the culvert extension, the culvert was first extended to the edge of the clear zone. A flatter slope was then created, and it extended from the existing edge of the shoulder to the top of the culvert, as shown in Figure 1 . Unfortunately, RSAP is only able to model rectangular hazards, whereas the slopes associated with the culvert extension are triangular. Figure 1 represents a roadside culvert scenario where the slope depth is 9 ft (2.74 m), the culvert height is 8 ft (2.43 m), and the culvert is placed 14 ft (4.26 m) from the upper slope break point. To model sideslope extension as triangular as possible, a series of rectangular hazards, or hazard mesh, were input into RSAP. A study was then undertaken to define the most appropriate mesh configuration that would be sufficient to make RSAP outputs relatively stable. The entire slope was divided into small rectangular hazards to create a "mesh". A series of slope models with various numbers of rectangular hazards was analyzed with one, two, three, four, and five rectangles. Figures 2 and 3 show scenarios with three and five rectangles, respectively. Accident costs were calculated using RSAP to evaluate changes in accident costs as the "mesh" was refined. This analysis revealed that accident costs increase as the number of rectangles was increased. This result may be attributed to the fact that the more rectangles the scenario has, the smaller the flattened sideslope area is. Even though more accurate accident costs would result from Figure 3 rather than from Figure 2 , it was necessary to restrict the "mesh" to a reasonable number of rectangles to reduce modeling time. Also, accident costs were found to slightly increase for each added rectangle. Since the degree of sensitivity was found to be low and the RSAP runtimes decreased as the number of rectangle elements was reduced, three rectangles were utilized for each highway scenario.
Guardrail Installation
For guardrail installation, it was necessary to determine the optimum guardrail location and length for each class of roadway, roadside, and traffic characteristic. Guardrail location was determined by using the slope offset distance shown in Table 1 . For example, if the slope offset is 10 ft (3.04 m), the front face of the guardrail should be no more than 8 ft (2.43 m) from the travelway, considering that guardrail width is 2 ft (0.60 m).
The 2002 and earlier AASHTO Roadside Design Guides present guidelines for determining guardrail length-of-need that was based on encroachment data obtained from a research study conducted by Hutchinson and Kennedy (1966) . The encroachment data was used to estimate how far errant vehicles could be expected to travel behind a guardrail before slowing or coming to a stop. For the purposes of developing design guidelines, guardrail geometry was configured to capture the 85th percentile encroachment length. However, more recent research conducted by Cooper (1980) found much shorter travel distances. Wolford and Sicking (1996) developed guardrail runout length guidelines using data from Cooper (1980) . These revised guidelines recommended much shorter guardrails. Coon et al. (2006) compared the two different guardrail length recommendations with real-world crash data and found that the shorter guardrail lengths produced by the Cooper data would result in the capture of more than 90% of all encroaching vehicles. As a result, AASHTO's Technical Committee on Roadside Safety (TCRS) adopted the shorter guardrail length guidelines based on Cooper for inclusion in the new edition of the Roadside Design Guide that is currently under development. Therefore, guardrail length guidelines developed by Wolford and Sicking (1996) that were based on Cooper's data were selected for use in the study described herein.
Guardrail length-of-need was calculated based on the methodology used by the RDG as shown in the following equation:
where b/a = flare rate; L 1 = tangent length of barrier upstream from the hazard; L 2 = lateral distance from the edge of the traveled way; L a = distance from the traveled way edge to the back of the hazard; and L r = guardrail runout length. In Equation (1), flare rates were considered. Guardrail flare rates are used to decrease accident frequency as the guardrail installation becomes farther away from the roadway and to decrease costs by adopting shorter guardrail systems. However, guardrail systems cannot be safely flared onto steep roadside slopes. Thus, guardrail use was restricted to tangent installations because the slopes used in this study were not sufficiently flat to allow for the use of flared guardrail installations. When the flare rate is removed from Equation (1), the formula for guardrail length-of-need becomes
Equation (2) was used for the determination of both upstream and downstream guardrail lengths. The only difference between the upstream and downstream calculation is the L a -value. Since L a corresponds to the distance between the edge of the traveled way and the back of the roadside hazard, one lane width (12 ft or 3.6 m), corresponding to the opposing lane, was added to the L a distance when calculating downstream or opposing traffic guardrail for two-lane roadways. The guardrail runout length, developed by Wolford and Sicking (1996) , is the theoretical distance needed for most errant vehicles that leave the roadway to come to a stop. A test level 3 (TL-3) W-beam guardrail system was selected for use in this study because it represents the most widely used barrier system across the nation. TL-3 guardrail end-terminals were also used so that the entire guardrail installation would comprise a system meeting current impact safety standards.
Grating
Safety grates are applied to culvert openings to make the hazards traversable. Ross et al. (1982) and Polivka et al. (2007) have shown that grating is a feasible and effective safety treatment for roadside culvert openings. Grating has been defined as the fourth treatment alternative for this study. To implement this treatment option, different procedures were adopted depending upon steepness of the roadside slope. Polivka et al. (2007) tested and approved safety grates for use on slopes as steep as 3H:1V. Thus, if a roadside condition contained 3H:1V or flatter roadside slopes, the safety grates could be placed on the top of the culvert opening without altering the roadside slope. Note that Polivka et al. (2007) conducted full-scale crash testing that showed that grates did not greatly increase the risk of occupant injury. Therefore, a grated culvert was assigned the same severity as the slope upon which it was installed. On the other hand, when a scenario contained roadside slopes steeper than 3H:1V, the entire slope had to be flattened to 3H:1V to accommodate the safety grates because it is believed that rollover propensity is too high on sideslopes steeper than 3H:1V.
Accident Cost Prediction
Roadway, roadside, and traffic characteristics found to be important for the RSAP parametric study were then utilized to develop a matrix of roadway and roadside conditions to be analyzed within the study. Table 2 shows the seven variables selected for inclusion in the accident cost analysis, and it presents the variations in each variable included in the study. Note that Table 2 indicates that some of the variables did not have The variables shown in Table 2 were used to model more than 3,000 highway scenarios in RSAP. Over 1,000 scenarios were created for each highway class. Variable values were assigned to characterize each highway functional class. For instance, since local roads have low mobility and are designed primarily to provide land access, shorter hazard offsets, sharper horizontal alignments, and steeper slopes were selected to reflect lower safety standards. On the other hand, since freeways are considered high-speed and high-volume arterials, much higher traffic volumes as well as higher safety standards (such as flatter curves and sideslopes) were selected to reflect higher design standards used on freeways.
Accident costs were determined from the RSAP modeling process and were reported by Albuquerque et al. (2009) . These predicted costs were then used to determine the benefit (i.e., accident cost reduction) of applying each culvert safety treatment to any particular highway scenario.
To determine accident costs, RSAP attributes dollar amounts to five different accident injury levels: $2,600,000 to fatal injury; $180,000 to severe injury; $36,000 to moderate injury; $19,000 to minor injury; and $2,000 to property damage only. These accident costs correspond to the FHWA Comprehensive Costs. These accident costs were developed by Miller et al. (1991) , and they include direct costs as well as indirect costs, such as the costs of pain, suffering, and reductions in quality of life.
Findings
From the analysis, five decision-making graphs were prepared to aid in the determination of culvert safety treatments for different roadway classes as well as for different combinations of road and traffic characteristics. As depicted in Figure   4 , each graph shows the culvert safety treatment that produces the lowest accident cost for each highway scenario. Extending the culvert or installing safety grates were found to provide the lowest crash costs for every highway scenario that was studied.
As shown in Figure 4 (a), safety grating was found to produce the lowest accident cost on local roads with 2H:1V sideslopes. On the other hand, culvert extension was found to be the safest treatment on local road scenarios with 4H:1V sideslopes combined with larger culverts and average daily traffic of 800 or more, as shown in Figure 4 Figure 4 (c) shows that culvert extension was found to produce the lowest accident cost on curved roads with 4H:1V sideslopes, with a slope offset distance of 8 ft (2.43 m), and an average daily traffic volume higher than 1,000. Figure 4(d) indicates that the use of safety grates produced the lowest accident cost for any other road scenario not addressed by Figure 4(c) . Ultimately, Figure 4(e) shows that the installation of safety grates is the safest treatment for all freeway scenarios.
Even though these five decision-making graphs may be helpful in addressing which safety treatment presents the lowest accident cost given a group of roadway and traffic characteristics, they do not allow comparisons of accident costs among the four safety treatments because accident cost values are not presented. However, it is important to note that presenting the accident costs in any sort of plot is not practical in this case because of the large number of scenarios modeled (i.e., >3,000) and also because of the large number of variables used to characterize each scenario. Each scenario was constructed based on seven variables, and displaying findings in function of that many variables in any sort of plot would require a large number of figures. Therefore, it is believed that the best manner of effectively showing the accident costs is in a tabulation format, as shown in Table 3 . Table 3 shows some of the accident costs developed for freeways with straight sections, average daily traffic equal to 25,000, and a traffic growth factor equal to zero. Note that, for these roadway and traffic characteristics, Table 3 indicates that grating presents the low- Table 3 are available in a report by Albuquerque et al. (2009) .
Summary and Conclusions
The purpose of this study was to identify the "safest" treatments for roadside culverts for a wide range of highway, traffic, and roadside conditions. Guidelines were developed based on accident costs that were associated with various road and traffic conditions. These accident costs were estimated by using an encroachment probability model and were reported by Albuquerque et al. (2009) . Using the accident costs, the benefits can be quantified according to the desired safety treatment option. These benefits can be used to determine benefit-to-cost ratios, once the direct costs (i.e., installation, repair, and maintenance costs) associated with each treatment option have been found. Ultimately, these benefit-to-cost ratios may allow highway designers to make better decisions regarding the most appropriate safety treatment for roadside cross-drainage culverts under a great variety of road and traffic conditions.
The study began with a parametric study that investigated road and traffic characteristics that have significant impacts on accident cost. Eleven variables were initially utilized, and four variables were found to not impact accident costs much. The variables may be found in Tables 1 and 2 . As a result, these four variables were eliminated from further analysis. The remaining seven variables were used to analyze different highway scenarios using three highway classes. Values were assigned to the variables based on highway functional class.
Subsequently, procedures were implemented to implement safety treatments using RSAP. These procedures were implemented based either on information from the RDG or on findings from relevant literature. Accident costs were then determined for each combination of road and traffic variables, as well as for each of the four safety treatments.
The research results are presented in Figure 4 and provide guidance on identifying the most appropriate safety treatment for roadside cross-drainage culverts. It should be noted that guardrail installation was not found to provide the lowest accident cost for any highway scenario. Even though guardrail protection has been widely used to shield motorists from culvert openings, it was not found to be the safest option under any circumstance. Safety grates produced the lowest accident cost in most instances, mainly in scenarios which involved very steep sideslopes (i.e., 2H:1V slopes). Culvert extension produced the lowest accident cost on local roads with average daily traffic not less than 800, as well as on rural arterials with a slope offset of 8 ft and average daily traffic not less than 2,000. Overall, safety grates were found to be the safest treatment for most scenarios within the three noted highway classes. In fact, safety grating was found to be the safest treatment on freeways. These findings indicate that the choice of culvert safety treatments must be flexible to road and traffic characteristics and that the expanded use of culvert extension and grating produce safer roadsides.
It is also important to stress that these findings are based on accident costs, which means that if guardrail protection was not found to be the safest option in any case, this study does not suggest that guardrail should never be used. This study presented the safest treatment option, but direct costs associated with implementation of each safety treatment option should also be considered. Ultimately, decisions should be based on the economic viability of each safety treatment implemented, which means that the most appropriate treatment option should be the one that produces the highest benefit (i.e., accident cost reduction) for every dollar invested.
Limitations
Even though RSAP has been widely accepted by the transportation community as an innovative and capable tool, it still has some limitations that need to be addressed in the near future. For example, RSAP does not take into account the effect of weather, vehicle performance, and driving behavior during encroachments, which may be attributed to the lack of reliable data. Also, because RSAP uses encroachment data developed by Cooper (1980) in Canada, the encroachment frequency and extent may not exactly reflect the encroachment pattern seen throughout the United States' roadways owing to differences in factors such as traffic, roadway, weather, and vehicle fleet.
